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Abstract

The ability of some species of owl to fly in effective silence is unique among
birds and provides a distinct hunting advantage, but it remains a mystery as to
exactly what aspects of the owl and its flight are responsible for this dramatic
noise reduction. Crucially, this mystery extends to how the flow physics may
be leveraged to generate noise-reduction strategies for wider technological
application. We review current knowledge of aerodynamic noise from owls,
ranging from live owl noise measurements to mathematical modeling and
experiments focused on how owls may disrupt the standard routes of noise
generation. Specialized adaptations and foraging strategies are not uniform
across all owl species: Some species may not have need for silent flight, or
their evolutionary adaptations may not be effective for useful noise reduction
for certain species. This hypothesis is examined using mathematical models
and borne out where possible by noise measurements and morphological
observations of owl feathers and wings.
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1. INTRODUCTION

All solid bodies produce noise as a consequence of their motion through a fluid, often associated
with the turbulent flow they produce and its interaction with the body. For many aerospace ap-
plications, noise production can be a major source of public annoyance and is often subject to
regulatory barriers. For instance, at London Heathrow fines are levied on airlines that breach
prescribed noise levels, with the nighttime limits some seven decibels lower than those during the
day, i.e., more than halving the maximum allowed acoustic energy (CAA 2018). Continued pub-
lic pressure is leading to yet more restrictive regulations and targets imposed on industry (High
Level Group Aviat. Res. 2011, FAA 2019) at the same time that emission and performance stan-
dards (e.g., range, fuel efficiency, power off-take) must be improved, driving the need for highly
innovative research and development (e.g., Hileman et al. 2007). One area of particular concern
is airframe noise (due to, for instance, the interaction between turbulent flow and deployed wing
devices and landing gear), which on conventional aircraft on approach can contribute as much to
the noise signature as the engines (Crighton 1991). Such turbulence-structure interaction noise
may also establish a regulatory barrier to alternative energy and emerging commercial transport,
such as wind turbines (Oerlemans et al. 2007), electric air taxis (Seeley 2015), and small aerial ve-
hicles and drones (Intaratep et al. 2016). Although considerable progress has been made in recent
decades toward understanding the acoustic sources and noise-production mechanisms specific to
a wide range of industrial and engineering flows (Crighton 1975, Ffowcs Williams 1977, Howe
1978, Wang et al. 20006), interest continues to grow in developing novel means to mitigate aero-
dynamic noise generation that can be translated across many industrial sectors where there may
also be a trade-off between stealth and performance.

For over 80 years, researchers have drawn inspiration from nature’s silent flier, the owl. The
phenomenon of silent owl flight is well acknowledged anecdotally and has been scientifically con-
firmed by noise measurements of owls in isolation (Kroeger et al. 1972) and in comparison with
other birds (Neuhaus et al. 1973, Sarradj et al. 2011). In the context of the owl, the notion of
silence implies that prey cannot sense their predator until it is too late to react. Furthermore,
many larger owl species such as the barn owl can identify and continuously track their prey in
flight by hearing alone (Payne 1971). Therefore, silent owl flight also requires that any aerody-
namic noise produced by the owl must not interfere with their acoustical tracking ability. The
technological implication is that if the physical mechanisms enabling owls to suppress broadband
flow-generated noise can be properly understood at the bird scale, then this understanding could
be translated and integrated into new designs for low-speed noise mitigation and control at vari-
ous speeds and scales. To date, and to the authors’ knowledge, no one has engineered an owl-like
device that replicates the noise reduction capacity of the owl, and this challenge remains a point
of attack for aeroacousticians, fluid dynamicists, and roboticists seeking to recreate owls’ silent
feat.

This review summarizes research to date into how owls achieve silent flight and how they
have inspired nascent noise-reduction technologies in engineering design. Our overview begins
with an assessment of owls themselves, including their unique physical attributes and foraging
behavior. It is important to note the broad diversity in the size, prey, and specialized adaptations
of owl species, and a special effort is made to highlight how some owls may possess but not use
(or be able to exploit) the supposed silent aspects used by other owl species. Next, existing noise
measurements of owls are reviewed together with a survey of the geometrical details of the pre-
dominant wing features thought to produce silent flight. An overview of the standard routes of
aerodynamic noise generation in low-speed flows is provided to frame an examination of owl noise
suppression in terms of physical mechanisms. Efforts to model the features of owl wings thought
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to make them silent are then reviewed and summarized, followed by the noise-reduction tech-
nologies these models and owl-related studies have inspired. The review concludes by identifying
missing features in the literature that, in the authors’ view, are still required to isolate and prove the
central noise mechanism(s) that enable broadband aerodynamic noise suppression of the owl, as
well as the technological barriers to translating knowledge of owl aeroacoustics into owl-inspired
technological innovations.

2. OBSERVATIONS OF THE OWL

We now consider the flight of the owl in the context of using acoustic stealth to silently track and
capture prey. First, the diversity of owl species is highlighted with respect to foraging behavior
and its connection to bird size, which informs research questions related to the relevance of silent
flight mechanisms across the full range of owl species. Second, information from the research
literature on the hearing sensitivity of the owl and of the mammalian prey common to larger owl
species is presented and compared to the aerodynamic noise measured from live owls and other
birds. These measurements demonstrate that owls can suppress self-noise in their most sensitive
hearing range while tracking prey acoustically and evading acoustic detection to within a certain
closing distance. Lastly, we introduce and discuss the wing attributes historically attributed to owl
aerodynamic noise suppression.

2.1. Foraging Behavior

Each owl species has a specific combination of hunting objectives and means of capture, which are
not uniform across all owl species. Owls range widely in size, weight, and habitat, features that are
coupled to the size and type of their preferred prey. This observation calls into question whether
all owl species are indeed silent to their prey or need to be silent.

Larger owl species hunt primarily in a gliding mode on approach, which ends in a thrust toward
the prey at the final instant (see Figure 1). This behavior is consistent in both lighted (Norberg
1970) and darkened (Payne 1962) conditions, where in the latter case, the owl must make contin-
uous flight path adjustments en route to its prey using acoustical cues. These larger owl species
favor mammalian prey indigenous to their habitat, which typically include rodents such as voles
and mice. The size of the prey decreases with the size of the owl species, and the foraging behav-
ior also changes for smaller owl species. At body sizes near the boreal (Tengmalm’s) owl (Aegolius
funereus), many owl species begin to pounce on mammalian prey from above without the gliding
phase, but acoustical tracking is maintained for these species. For the smallest owl species such as
the elf owl (Micrathene whitneyi) and pygmy owl (Glaucidium passerinum), the prey type shifts from
mammals to insects, which are acquired by hawking or pouncing (Johnsgard 2002).

This shift in foraging behavior provokes several critical questions regarding the role of aero-
acoustics for owls. For example, are all owl species silent to their prey? If not, do owls need to
be effectively silent? Are there similar or different features on large and small owls that might
suppress aerodynamic noise? Are these features vestigial for small owls (i.e., does the relevant
noise suppression not cut on to be useful at their scale)? Some of these questions are touched
upon in this review in the following sections, but these issues remain largely unresolved from a
scientific point of view, as the published research literature has principally focused on the noise
emitted from larger owl species. The need to compare foraging behavior and noise generation
across the size range of owl species presents a ripe opportunity for future cross-disciplinary
investigations.
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The flight and wing specializations of owls. (#) The gliding phase of the barn owl (7yto alba) culminates in (b) a wing flare and lunging
motion with its talons. (¢) Physical features at the wing edges and the owl upper-wing surface have been the focus of research efforts to
understand their silent flight. Images are adapted with permission from the Slater Museum of Natural History (wing), Ian Davies
(gliding owl), Chris Jimenez (owl with prey), Riley Saeger (downy surface), and Christa Neu (feather, leading-edge comb, and fringe).
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2.2. Owl Noise Measurements and the Threshold of Hearing

Thorpe & Griffin (1962b) conducted the first acoustic measurements of owls in free flight, whose
aerodynamic noise in the ultrasonic frequency range (above 15 kHz) could not be detected by their
experimental apparatus. The multiple owl species examined included the scops owl (Ozus scops), lit-
tle owl (Athene noctua), tawny owl (Strix aluco), barn owl (Tyto alba), long-eared owl (Asio otus), and
cayenne owl (Rbinoptynx clamator). Ultrasound could not be detected from any of these owl species
during gliding flight, in contrast to a broad range of non-owl species of comparable size for which
this ultrasonic noise component could be reliably measured. Later comparative measurements by
Neuhaus et al. (1973) found that the peak noise from a mallard duck (Anas platyrhynchos) occurred
near 4 kHz, which lies within the frequency range of maximum sensitivity for humans and owls
alike (Konishi 1973). However, the peak noise for the tawny owl (S. a/uco) occurred within a lower
frequency range of 200 to 700 Hz, and its maximum sound pressure was reported to be smaller by
a factor of 30 (approximately 30 dB quieter) than the mallard. Additionally, Neuhaus et al. (1973)
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Flyover noise measurements of live owls. (#) Sound pressure level measurements by Gruschka et al. (1971) from a single microphone at
various distances from the bird, compared against the human threshold of hearing. (b)) Sound pressure level one meter away for three

bird species measured by Sarradj et al. (2011), scaled by the fifth power of the flight speed. The barn owl is notably quieter beyond

1.6 kHz, and the acoustic array could not resolve its signal beyond 6.3 kHz.

reported similar noise levels for both birds in the takeoff phase when the wings are flapped, cor-
roborating Thorpe & Griffin’s (1962a,b) observation of a noisier start-up phase.

Gruschka et al. (1971) and Kroeger et al. (1972) carried out flyover noise measurements of a
single owl species, the Florida barred owl (Strix varia alleni), which was trained to glide through
a reverberation room over a single microphone. Their comparison of the owl sound pressure
spectrum against the threshold of human hearing indicated that a gliding owl would be effectively
silent to a human observer beyond a distance of three meters (see Figure 24). These measurements
are consistent with those of Neuhaus et al. (1973) for the tawny owl, where high-frequency sound
is suppressed and the majority of the acoustic energy is contained in frequencies below 1 kHz.
However, Konishi (1973) notes that barn owls, for example, are more sensitive to sounds in the
500 Hz to 10 kHz range than humans; for more details on the hearing sensitivity of different
owl species, readers are referred to Dyson et al. (1998, table 2). This sensitive frequency range of
the owl overlaps with the broadband rustling noises made by prey such as voles, where most of
the acoustic energy is in the 1-3 kHz range, but it should be noted that these noises also contain
significant frequency content up to 14 kHz (Konishi 1973, figure 3).

Sarradj etal. (2011) conducted a critical assessment of these and other earlier acoustic measure-
ments of live owls against the noise signatures of other birds, citing challenges in attaining con-
sistent and demonstrative results due to lack of flow speed corrections, limitations of the acoustic
recording apparatus (single microphone) and of early measurement techniques, and difficulties in
promoting natural bird flight to get representative acoustic measurements. Sarradj et al. (2011)
compared flyover noise measurements of the barn owl (7. alba) against the Harris’s hawk (Parabu-
teo unicinctus) and common kestrel (Falco tinnunculus) using an acoustic array to produce maps of
the acoustic source regions on the birds. The flight speeds of all birds were consistent and were
approximately 5 m/s. No significant difference in noise level was observed below 1.6 kHz among
all species considered. However, above 1.6 kHz, the owl was substantially quieter than the other
birds by 3-8 dB when compared in third-octave bands. Figure 2b presents these relative acoustic
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measurements scaled by the fifth power of the flight speed; the basis for this velocity scaling is de-
tailed in Section 4.1. Above 1.6 kHz, the sound pressure spectrum of the kestrel and Harris’s hawk
decreases by 10 dB/decade, whereas barn owls have a greater 15-dB/decade roll-off, consistent
with earlier live owl measurements where high-frequency content is noticeably absent. Sarradj
et al. (2011) noted that their acoustic array was unable to measure the flyover noise of the barn
owl at frequencies beyond 6.3 kHz. Since the flight speeds were approximately equal and were
considered in the acoustic analysis, Sarradj et al.’s live bird measurements support the hypothesis
derived originally from laboratory experiments of fixed-wing specimens (Geyer et al. 2009, 2013)
that silent owl flight is a consequence not only of owls’ low flight speed but also of their specialized
wing adaptations.

These experimental studies underscore the ability of many average- to large-sized owl species
to suppress aerodynamic noise above a critical frequency of approximately 1.6 kHz. This frequency
range of enhanced aerodynamic noise suppression extends across the sensitive hearing range of
humans and owls, as well as the ultrasonic region where the hearing of mammalian prey is keenly
sensitive (e.g., see Heffner & Masterton 1980). Consistent results for broadband aerodynamic
noise suppression of owl wings in live measurements and fixed wings in laboratory experiments
suggest that a single feature or a combination of features of the wing itself is responsible for this
noise reduction.

2.3. Wing Attributes

Graham (1934) first identified and reasoned that three wing specializations whose combined ap-
pearance is unique to owls may have a physical basis to affect aerodynamic noise generation: a
comb of fibers along the leading edge, a compliant trailing-edge fringe, and a velvety down-like
material on the upper surface of the wings. Graham interpreted the absence of these wing special-
izations on fish owls as evolutionary support that these specializations are responsible for silent
flight; however, a more rigorous phylogenetic correlation among owl species and these wing fea-
tures has yet to be carried out to provide scientific support of this speculation. Indeed, features
such as the downy upper-wing surface have been observed on other night birds such as frogmouths
(Podargidae) and nighthawks (Caprimulgiformes) (Sick 1937, Wagner et al. 2017) but are absent
on some owl species (Strigiformes). Nevertheless, Graham (1934) became a focal point for aero-
acousticians (cf. Lilley 1998) and biologists seeking to better understand the morphology of these
wing attributes and their potential to bring about new mechanisms for aerodynamic noise reduc-
tion. Physical measurements of these features and their variations across the wing and across owl
species are now surveyed to frame the parameter space occupied by these quiet fliers.

3. PHYSICAL OWL MEASUREMENTS

The observation that owl wing features are not uniform across all species calls into question their
roles in aerodynamic noise suppression. For example, Table 1 indicates a wide variation in wing
aerodynamic chord (measured from leading edge to trailing edge) across a representative selection
of owl species. The barn owl is the most studied owl species in the academic literature, and their
general data for all three wing specializations are presented by Bachmann etal. 2007,2011,2012a)
and Bachmann (2010). The relationships between these baseline data for barn owls against other
owl species are identified in the following sections.

3.1. Leading-Edge Comb

Seminal morphological measurements by Bachmann et al. (2007) using five wings from three dif-
ferent barn owls (1" alba pratincola) identified for the leading-edge comb a mean serration length
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Table 1 Maximum wing chord lengths of various owl species and their magnitudes relative to an acoustic wavelength
at frequency 1.6 kHz in air

Owl species N? Chord (cm) Wavelengths per chord

Snowy, Nyctea scandiaca 42,2) 29.8 +£2.4° 1.39
Great grey, Strix nebulosa 4(2,2) 27777 1.29
Great horned, Bubo virginianus 73,4 246+2.0 1.15
Barred, Strix varia 6(2,4) 244404 1.14
Barn, Tyto alba 42,2) 19.0£0.6 0.89

4 17.1+£3.0¢ 0.80
Long-eared, Asio otus 4 (0,4) 17.3+£0.8 0.81
Burrowing, Speotyto cunicularia 6(4,2) 123+£09 0.57
Boreal (Tengmalm’s), Aegolius funereus 4 2)d 11.3+£0.7 0.52
Northern saw-whet, Aegolius acadicus 42,2) 9.84 +0.24 0.46
Flammulated, Orus flammeolus 22,0 9.16£0.11 0.43
Elf, Micrathene whitneyi 2(0,2) 8.48 +0.19 0.40
Northern pygmy, Glaucidium gnoma 8(6,2) 7.13 £0.39 0.33

*Number of wing specimens: total (male, female).
bMeasurements are of spread-wing images from the Slater Museum of Natural History unless otherwise noted. Data are included in Supplementary
Materials.

“Data for mean wing chord reported by Bachmann (2010). sunpl tal Material >
upplemental Materia

4Tiwo wings from a single male specimen and two wings from a specimen of unidentified sex.
of 1.8 mm, a linear density of 18 serrations/cm, and a serration base width of 555 pm with an
almost linear taper to the serration tip. Bachmann & Wagner (2011) later carried out the most
complete investigation to date on the geometrical details of the leading-edge comb. In their study,
six tenth-primary (P10, see Figure 1) remiges from five barn owls were measured in static condi-
tions in stationary air. The average overall serration length was 2,670 um, the separation distance
between individual serrations was 575 pm, and the mean upward inclination of the serration at
the leading edge was 29°. Consideration of this serration angle and its placement on a gliding
barn owl wing indicated that the serrations in flight were inclined almost perpendicularly to the
incoming flow. Curvature and thickness distributions of the serrations at various positions on the
feathers were also recorded. Detailed measurements across the feathers over 1-cm regions located
at the 20%, 40%, 60%, and 80% spanwise positions along the vane (cf. Figure 1) revealed that
leading-edge serrations at the distal (outboard) part (80% span) of the feather have rounded tips
and are the shortest (1,823 £ 239 um). The central and basal (inboard) serrations have acute tips,
are statistically longer, and are longest at the central region (60% span; 2,716 £ 328 pm); this
distinction between sharp basal serrations and rounded distal serrations was noted by Sick (1937).
The linear spacing between serrations increases with the outward position, where its value when
moving from 20% to 80% span varies from 490 to 670 pum, respectively. Spanwise feather posi-
tions with a narrower spacing distance had narrower serration base thicknesses and vice versa, i.e.,
500 pm at 20% and 650 pm at 80% spanwise locations. A separate study on barn owls by
Bachmann etal. (2011) arrived at comparable geometric values and trends in morphological varia-
tion across the feather. Furthermore, Roulin etal. (2013) developed a preliminary statistical model
of the barn owl using data from 43 male and 50 female specimens that indicated the independence
of serration length with sex, age, barb length, vane length, and vane area.

The wealth of available data for the barn owl begs the question of whether or not their serration
morphology is representative of all owl species. To address this question, Weger & Wagner (2016)
conducted physical measurements of the leading-edge combs of seven different owl species that
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covered a range of body sizes and active times of day. The average serration lengths across the
species studied ranged from 1 to 3.5 mm, where the serration length generally increased with the
size of the owl species. The serrations of the Eurasian eagle-owl (Bubo bubo) were significantly
longer than the other six species, with serration lengths between 5 and 7 mm. However, they
concluded that the serration length is not clearly determined by either the size or activity (i.e.,
diurnal versus nocturnal) of the owl species and is likely influenced by both factors. Notably, they
did not arrive at a definitive result, for example, that nocturnal owls have long serrations and
diurnal owls have short serrations. The out-of-plane bending displacement angle of the vane was
found to be the best defining characteristic of the serration, where a larger bending angle was
prominent for nocturnal rather than for diurnal species. Surprisingly, the correlation between
owls’ diurnal or nocturnal activity and their serration length was found to be highly variable.

In their discussion, Weger & Wagner (2016) raised the question of why diurnal owls would
have serrations at all, under the supposition that serrations are detrimental to aerodynamic per-
formance. With reference to a phylogenetic tree (Wink et al. 2009), they posited that serrations
may be a plesiomorphic (shared) characteristic of Strigiformes, but more morphological measure-
ments of other owl species are necessary to support any firm claims about the biological basis for
the development and function of serrations comprising the leading-edge combs.

3.2. Trailing-Edge Fringe
Fringe describes the separated barb tips of the inner vane where the hooklets holding the vane
together are absent. The fringes on individual feathers together form the frayed trailing edge
of the composite wing. Bachmann et al. (2012b) carried out physical measurements of fringes
on barn owls (T alba pratincola) using five individual feathers at the inner vane location. This
study analyzed five individual feathers from five different wing positions (P10, P5, P1, S4, S9; cf.
Figure 1) for 25 feathers total. The average length of the fringes ranged narrowly from 2.0 to
2.4 mm in the central feather regions. There was no significant statistical variation across feather
types, with the exception of the P10 feather whose mean fringe length was 3.49 £+ 0.53 mm. The
longest fringes were observed at the central and distal regions of the feather, and the shortest
fringes were near the feather base. The mean linear density of fringes ranged from 3.02 to 3.35 per
mm, and the variation in linear density across different feather types was found to be statistically
insignificant.

With regard to other owl species, Sick (1937) noted that fringes are found on the flight feathers
of almost all owls, but the lengths of the fringes vary from species to species. Graham (1934)
observed that the fish owl species Bubo peli and Bubo flavipes have neither fringes nor serrations.

3.3. Downy Wing Surface

The elongated pennula on the upper surface of many owl feathers gives the wing its velvety texture.
Klin et al. (2012) likened owl pennula to a surface roughness composed of flexible elements and
reported average physical measurements of approximately 200 pennula/mm?, each with a diameter
of approximately 6 um. For barn owls, Bachmann et al. (2007) determined that the pennula on
the inner vane are longer than on the outer vane. The average pennulum lengths on the inner
(outer) vanes were 1,271 & 87.1 (601 £ 57.5) um, which are significantly longer than those of a
pigeon (Columba livia domestica), 136 £ 15.0 (79 & 6.6) pm. The authors noted that the barn owl
pennula are long enough to extend across up to four neighboring barb shafts on the feather vane.
Although the pennula are longer for the barn owl than for the pigeon, the density of pennula per
unit area is greater for pigeons than for owls, e.g., 152.5/mm? versus 99.9/mm? on the inner vane
of P10, respectively.
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Bachmann et al. (2011) analyzed six individual feathers at five feather positions (P10, P5, P1,
S4, and S8) at three spanwise locations (25%, 50%, and 75%) along the feather vane. This work
furnished quantitative data to corroborate the result that uncovered areas of the vane (i.e., part or
all of the outer vane) have a lower pennula density. Also, these uncovered regions of the feather
have a lower volumetric porosity and larger angle with respect to the vane surface, which re-
sults in a thinner velvet layer. In the uncovered (covered) areas, the pennula densities were 79.4
(84.9) mm~2, the porosity ranged from 0.714 to 0.890 (0.929 to 0.950), and the thickness of the
downy layer ranged from 122.3 t0 229.7 (310.0 to 497.3) um. In covered areas, the pennula density
is lower, but the structure is thicker and more porous due to the more-upright and longer pennula
(Bachmann 2010).

Weger & Wagner (2017) analyzed the pennula on eight wings of the American barn owl (Zjzo
furcata praticola) in gliding position to facilitate a comparison with Bachmann et al. 2007, 2011).
In contrast to other studies involving individual feathers, these authors studied the pennulum
variation in the total wing surface at four spanwise locations (20%, 40%, 60%, and 80%), with
12 chordwise measurements at each spanwise location. The majority of positions measured had a
highly uniform length, with an average value of 793 & 166 um. However, the pennula were longer
at measurement points closest to the leading edge (chordwise positions of 15% to 20%), with a
maximum of 1,053 £ 205 pm at 20% span and 20% chord. These authors speculated that the
uniform pennulum length across the wing, with a position-dependent change at the leading edge,
is connected to boundary layer control to avoid flow separation. Indeed, the chordwise position
of maximum pennulum length is consistent with the location of boundary layer separation on
owl-based wing models tested by Klin et al. (2009, 2012) and Winzen et al. (2013).

The consideration of owl pennula morphometric data with fluid mechanics and bird phylogeny
raises important questions that will likely require cross-disciplinary research to address. For ex-
ample, Weger & Wagner (2017) asked that if the purpose of the velvet surface is to mitigate flow
separation, why did it not evolve on other bird species? Also, why is the velvet-like surface present
on other birds that hunt at night [e.g., nightjars (Sick 1937)], where the prey (insects) are not
expected to perceive flight noise? On this point, the question of whether insects react to aero-
dynamic noise has begun to receive attention (Fournier et al. 2013). Among owl species, Weger
& Wagner (2017) reported that the diurnal pygmy owl (G. passerinum) does not have elongated
pennula to produce a velvety wing surface. They also noted that measurements have been taken
on other owl species, where preliminary unpublished data have identified that the pennula of the
diurnal little owl (4. noctua) and the Eurasian eagle-owl (B. bubo) are also longer than the pigeon
(C. livia domestica), but pennula in the diurnal little owl are shorter than that of two noctural owl
species, the barn owl and the Eurasian eagle-owl. These preliminary works underscore the need
to collect more data across owl species to better understand the evolution of this wing feature, as
well as its potential influence on aerodynamic noise mitigation.

3.4. Owl Flight Parameter Space

A nominal parameter space can now be framed to view silent owl flight from a fluid dynamics
perspective. Average flight speeds are on the order of 5 to 7 m/s (Kroeger et al. 1972, Sarradj et al.
2011, Wolf & Konrath 2015), which with reference to Table 1 leads to a chord-based Reynolds
number range of 2.2 x 10% to 1.3 x 10°. A representative value for the barn owl is 7 x 10%. A
flight speed of 5 m/s leads to the small flight Mach number of 0.015. Owl wing features introduce
additional length scales: The downy layer is approximately 1 mm thick, and a representative length
of both the fringe and leading-edge comb is 2 mm. These features are much smaller than the
acoustic wavelength of 1.6 kHz in air, 21 cm; however, this acoustic wavelength can be either larger
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or smaller than the wing chord over the range of owl species (cf. Table 1), which has implications
for acoustical modeling efforts and physical interpretation. Of course, other dimensionless groups
may be constructed from the physical measurements surveyed here, as well as from additional fluid
dynamics data particular to a given flight scenario, such as the boundary layer thickness. Owls fly
with modest angles of attack in level gliding flight, and many of the principal mechanisms for
aerodynamic noise generation can be analyzed for wings at zero angle of attack. These physical
mechanisms and their fluid dynamical basis are reviewed in the following section.

4. MECHANISMS OF NOISE GENERATION
4.1. Origins of Turbulence Noise

Aerodynamic noise generation in low—Mach number flow results from the conversion of rotational
hydrodynamic kinetic energy, often in spatially localized regions of turbulence, into longitudinal
sound waves of wavelengths considerably longer than the length scale of the local turbulent flow
itself, which are then heard by an observer in the far field (Howe 2003). Lighthill (1952) pioneered
the prediction of aerodynamic noise by rearranging the (Navier-Stokes) equations of fluid mass
and momentum into the form of a single wave equation for the density p(x, ), which is forced by
the fluid stress within the turbulent source region. Specifically, Lighthill showed
9’p 292 3’ TiJ'

TP 2y,
a0 da;duc;”

where Tj; is the famous Lighthill stress tensor that in low—Mach number flow is approximated
by the Reynolds stress pu;u;, u is the fluid velocity, and ¢ is the speed of sound in an otherwise
quiescent medium. For low-speed flows, a turbulent eddy may often be modeled compactly as a
point quadrupole source, so that the far-field density fluctuation p’, i.e., the noise, is given by

/ 1 32 3
1) = i—/zj(y,t — Ixl/e) dy. 2.

4rcl|x| Ox;dx;
Note the single retarded time ¢ — |x|/cy appearing in the source distribution, indicating the as-
sumed acoustical compactness of the source on the scale of the typical acoustic wavelengths
involved.

In low-speed flow (but definitely not in high-speed flow) quadrupoles are extremely inefficient
acoustic radiators compared to progressively stronger dipole sources (resulting from unsteady
forces, e.g., the unsteady lift on a fluttering airfoil) and monopole sources (resulting from vol-
umetric changes, e.g., a bursting bubble) typical in acoustics problems. To see this specifically,
we denote a typical turbulent length scale and timescale by / and w™!, respectively, implying an
acoustic wavelength A scaling as / /7, where we can identify 7 = lw/cy as the Mach number of the
turbulent flow. Taking the limit# < 1, we see A >> / straight away, confirming the compactness of
the source region on the scale of the acoustic wavelength. Lighthill (1952, 1954) showed directly
from Equation 2 that the density fluctuation scales with the fourth power of the Mach number.
This scaling is made up of two factors of 7 from the quadrupole term, and another factor of
from each of the two spatial derivatives, given that the observation position appears in the time
argument of the quadrupole thanks to the assumption of perfect source compactness. Therefore
the acoustic power emitted from free-field turbulence in low-speed flows scales as 7%. In compar-
ison, the acoustic power from dipoles and monopoles scales as 726 and 7%, respectively. For small
m we might expect that the free-field turbulence noise is most likely dominated by other, more
efficient, noise sources.
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The weak acoustic emission of free-field turbulence at low speeds is significantly strengthened
by its interactions with solid bodies. Curle (1955) demonstrated that a turbulent quadrupole close
to a solid body produces a far-field acoustic power scaling as 7%, perhaps not surprisingly since the
presence of the turbulence will induce an unsteady force on the body corresponding to a distribu-
tion of surface dipoles. However, more surprisingly, Ffowes Williams & Hall (1970) demonstrated
that even more efficient noise generation occurs when the turbulence is close on the wavelength
scale to a sharp edge, as it would be when a turbulent boundary layer passes over the wing trailing
edge. The conversion of the local hydrodynamic motion into sound is enhanced by the geometric
singularity at the edge, leading to the acoustic power scaling as 72°, which is 7273 louder in a scaling
sense than a free-space turbulent eddy. More precisely, this scaling arises from the effect of the
presence of the trailing edge, for which the equivalent version of Equation 2 contains an additional
factor (wro)~'/2, where 7y is the distance of the turbulent source from the trailing edge. Once the
two spatial derivatives have been completed, this leads to a dominant term containing an extra
factor (wrp)~*/2, and hence an additional factor 7273/2 compared to the Lighthill free-field result.

4.2. Biological Noises

The complex construction of bird wings can introduce additional noise sources other than clas-
sical trailing-edge noise. Air passing through compliant feathers can lead to aeroelastic flutter,
which generates a buzzing or chirping noise observed for other birds (Clark & Prum 2015) and
has been postulated as a part of the courtship ritual for small-eared owls (Dubois 1924). Many
bird species produce a variety of nonvocal (mechanical) sounds due to feathers clapping either
together or against the body, as well as from feather-to-feather rubbing (Bostwick & Prum 2003,
Clark 2016). The elongated pennula on the upper surface of owl feathers likely reduce the noisy
frictional contact between feathers and suppress this potential biological noise mechanism (Sick
1937, Hertel 1963). Bachmann et al. (2012b) demonstrated that the fringe at the trailing edge of
each owl feather fits into the grooves of the neighboring feather to promote a stable wing shape
that is further resilient to flow-induced feather-rubbing noise. However, the details of this friction
noise for owls remain qualitative, such as the casual demonstration done with feathers in hand by
Graham (1934).

5. MODELING OF WING FEATURES
5.1. Trailing-Edge Noise

We have already noted the famous Ffowces Williams & Hall (1970) result that noise resulting from
the scattering of a turbulent boundary layer passing over a sharp rigid edge potentially dominates
other noise sources in terms of Mach number scaling. The obvious question of how this effect
might be reduced by suitable emendation of the geometrical or material properties of the trail-
ing edge has received a great deal of attention. One of the first such investigations was made by
Crighton & Leppington (1970), who considered the simplified case of a semi-infinite compliant
surface (precisely, one in which elastic effects are weak, so that the surface normal velocity is re-
lated to the local pressure by an impedance condition). The magnitude of the scattering, it turns
out, is then determined by the level of fluid loading (specifically, the ratio of fluid mass within
one acoustic wavelength of the plate to the mass per unit length of the plate); in cases of low
fluid loading (as would often be the case for a heavy structure in air), the rigid-plate 72’ result is
regained, but for heavy fluid loading (as would often be the case in water or for a light structure
and low-frequency sound in air) the trailing edge is not an effective scatterer and the ordinary 7%
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scaling for a surface without an edge is regained. This result reveals the possibility of reducing the
efficiency of trailing-edge scattering by essentially making the jump in boundary conditions expe-
rienced by turbulent eddies passing over the trailing edge less severe. More sophisticated models
of plate compliance have since been completed, for instance using thin-plate theory to include
elasticity (e.g., Cannell 1975, 1976; Howe 1992, 1993).

Plate porosity has also been studied as a method for reducing trailing-edge noise. For instance,
Howe (1979) considered the sound produced by a point vortex convecting over a trailing edge
with and without perforations and showed that the presence of holes significantly reduces, on
a decibel scale, the amplitude of the impulsive far-field pressure peak associated with the abrupt
change in boundary conditions. In a different direction, the use of small sections of porous material
has been shown to reduce trailing-edge noise from multielement high-lift airfoils, including early
experiments (Fink & Bailey 1980) and computations (Khorrami & Choudhari 2003). The latter
revealed that the porous material may well act in several ways, not only in reducing the strength
of edge scattering but also in modifying the hydrodynamic noise source itself (e.g., by reducing
the strength of coherent vortex shedding from the finite-thickness trailing edge).

Combining both elasticity and porosity (i.e., a poroelastic trailing edge) seems especially rele-
vant as a simplified representation of the owl trailing-edge fringe, and a detailed study was com-
pleted by Jaworski & Peake (2013). One key question to ask is, How is the Mach number scaling
affected by poroelasticity? In other words, can we modify the trailing edge in such a way as to
eliminate the potentially troublesome 72° scaling? The effect of porosity is governed by a dimen-
sionless parameter §, which is proportional to aycy/(wR), where ay, is the open-area ratio, w is the
frequency, and R is the linear dimension of the pores: For § > 1, (i.e., high porosity) the scaling
is m®, whereby the trailing-edge effect is eliminated and the Ffowcs Williams (1972) scaling for
an infinite perforated sheet is recovered, while for § < 1 (i.e., low porosity), the #° rigid edge
scaling is found. Full results are presented in Figure 34, in which we plot the Mach number index
(i.e., n, where acoustic power scales as 72”) against a nondimensional frequency €, using parame-
ters that mimic the polypropylene brush experiment of Herr (2007). We see a predicted velocity
scaling 7" in the range 4.5 < n < 5 in the frequency range of interest for the owl (1.6-10 kHz,
or 0.1242 < © < 0.3104 in nondimensional terms), which agrees with Herr’s measurements. Of
course, this has not had the effect of eliminating the trailing-edge 7° scaling for the owl, but there

7 are achievable at the lower end of human hear-

is the suggestion that scalings of 7° or even m
ing, especially when elasticity is included. Noise measurements by Geyer et al. (2010) on airfoils
made of only porous materials indicated that velocity exponents greater than 5 can be realized,
in agreement with the porous-only curve in Figure 34, for which we have 5 <z < 6. However,
the value of 7 is of course not the only factor that determines the sound level—there must be a
(material-dependent) constant of proportionality as well. When we look at the variation of the ac-
tual sound pressure level against dimensional frequency (Figure 35), we see that significant overall
reductions are indeed achieved compared to the rigid edge, even in the frequency range of most
interest for the owl. Itis especially noteworthy in Figure 35 that the poroelastic plate outperforms
pure elastic and porous cases across the whole frequency range.

Of course, the model of Jaworski & Peake (2013) contains several simplifications, not least of
which is the semi-infinite plate geometry. With this in mind, Cavalieri et al. (2016) completed
numerical computations using the boundary integral technique for a finite-chord poroelastic air-
foil, and again they found substantial improvements compared to the rigid case. (One insight
not available from the semi-infinite chord case was that porosity appears most effective at reduc-
ing sound at scales comparable to the airfoil chord, while elasticity is more effective at shorter
wavelengths—the two therefore combining to yield reductions over a broad spectrum.) Further
numerical work by Pimenta et al. (2018) showed that including additional spanwise features, such
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Dependence of quadrupole edge noise scaling and reduction on frequency. (#) The exponent z of the Mach number plotted against the
frequency parameter Q = (w/w.)!/?, where w, is the coincidence frequency (mpcg /B2, my, is the plate mass per unit area, B is the
plate bending stiffness, and ¢ is the speed of sound of the surrounding fluid. () Sound pressure level (SPL) reduction for various edge
conditions relative to rigid nonporous trailing-edge noise. Results are reported in third-octave averages as a function of the center
frequency over the nominal range of human hearing. The shaded region in panel # indicates the human range of hearing of humans up
to 10 kHz, and the darker regions denote the frequency range of interest to the owl, 1.6-10 kHz. Figure adapted with permission from

Jaworski & Peake (2013).

as a swept trailing edge and trailing-edge serrations, can reduce scattering even further, presumably
by introducing effects that reduce spanwise coherence and thereby enhance (destructive) interfer-
ence from sources along the trailing edge. In a different direction, Kisil & Ayton (2018) used an
iterative method to solve the matrix Wiener-Hopf problem of scattering by a semi-infinite rigid
plate with a finite-length porous appendage. The interesting additional feature here is that the
rigid—porous junction acts as a second place where boundary layer turbulence can be scattered.
The resulting sound interferes with the trailing-edge sound to produce an overall acoustic field
that is louder than that from a porous trailing edge alone and that depends on both the poros-
ity and the frequency. We can therefore conclude that chordwise noncompactness effects are an
important feature when trying to predict trailing-edge noise for a realistic configuration.

As a final note in this subsection, much of the work we have described is concerned with ways to
reduce the efficiency with which some given turbulent flow is converted into sound by the trailing
edge, rather than with how the turbulence itself can be modified for low noise. For a rigid NACA
(National Advisory Committee for Aeronautics) 0012 airfoil, Brooks et al. (1989) completed an
exceptionally wide range of experiments at varying flow conditions to produce correlations and
scaling laws as functions not only of flow Mach number but also of, among other things, Reynolds
number and angle of attack. In fact, they identified other mechanisms for generating trailing-edge
noise in addition to turbulence passing over a sharp trailing edge, including coherent vortex shed-
ding that is likely to be important at lower Reynolds numbers and higher angles of attack and tip
noise. In order to fully understand trailing-edge noise for a poroelastic airfoil, we believe that the
sort of experimental campaign completed by Brooks et al. (1989) would be invaluable. Of course, it
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might seem that such an investigation would require variation of an unrealistically large number of
parameters based on geometry and material properties, but we do believe that the sort of theoret-
ical investigations described here could be used to limit the size of the parameter space required!

5.2. Shear Shielding for Roughness Noise

To elucidate the role of the downy coating on the owl wing, Clark et al. (2016) conducted a series
of experiments on the effect on noise and unsteady surface pressure of a fabric canopy suspended
above a rough surface in flow. The presence of the canopy on the far-field noise was found to
have a marginal effect at best (although, at very high frequencies, fibers aligned transverse to the
flow introduced extra vortex-shedding noise). However, the canopy had a dramatic effect on the
surface pressure spectrum, attenuating up to 25 dB at peak frequency (see Figure 45). Of the five
fabrics used for the canopy, four had an open-area ratio of around 70%, while one (Figure 45,
square symbols) had a denser weave with approximately 40% open area. One possible explana-
tion for this striking behavior lies in shear sheltering as a mechanism to suppress transverse fluid
perturbations: In analogy to common models of forest canopies (see Finnigan 2000), the drag ex-
erted by the canopy might retard the flow to produce an inflectional mixing layer profile that is
Kelvin-Helmholtz unstable. The Kelvin—Helmbholtz instability leads to exponential growth of ve-
locity perturbations in the flow direction, accompanied by an exponential decay in the transverse
direction, i.e., above and into the canopy region, exponentially reducing the pressure footprint on
the wall from disturbances propagating above the canopy. Clark et al. (2016) investigated a simple
theoretical model of this process, considering waves of fixed frequency propagating in a linear
shear profile, and we see in Figure 4¢ that good agreement can be found between experimental
and theoretical attenuation curves using appropriately chosen values for the shear layer width and
strength. More detailed theoretical models of this phenomenon are certainly required.

5.3. Leading-Edge Noise

The arguments that led Ffowces Williams & Hall (1970) to predict the importance of trailing-
edge noise due to the abrupt change in geometry apply equally to the amplification of noise by
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turbulence in the presence of an airfoil leading edge. Of course, the difference here is that for the
leading-edge interaction the turbulence must originate upstream (perhaps being present as at-
mospheric disturbances) rather than be created through boundary layer transition en route to the
trailing edge. A detailed calculation by Myers & Kerschen (1995) included the effects of airfoil inci-
dence; they considered essentially two-dimensional disturbances, for which the leading-edge noise
scales as 7%, which is the same as the analysis of Ffowcs Williams & Hall (1970) in two dimensions.

One feature of leading-edge noise not present at the trailing edge is the fact that, when viewed
in the frame of the airfoil, upstream turbulence convecting at the freestream speed must be rapidly
decelerated to zero as it approaches the leading-edge stagnation point over a length scale corre-
sponding to the airfoil nose radius. This rapid change in the local mean flow stretches turbulent
eddies significantly in the streamwise direction, leading to modification of both the surface pres-
sure and the far-field sound spectra. Results computed by Ayton & Peake (2016) for an elliptic
airfoil at zero incidence show good agreement with experiments at long and short length scales.
Further analytical and experimental work by Ayton & Chaitanya (2017) extended this to a much
larger range of airfoil nose shapes, and they concluded that, for the low speeds and high frequen-
cies of interest for the owl, blunting the leading edge tends to reduce the far-field sound. However,
we feel that the precise details of the flow field close to the wing (for instance, accounting for the
flow distortion of the leading-edge comb) would need to be included if one were to make realistic
predictions of what, if any, noise would be generated by an owl flying into small-scale turbulence
(even if one were able to quantify that turbulence in the first place).

Finally, in this subsection we mention the work of Geyer et al. (2017), who conducted wind
tunnel aerodynamic and acoustic measurements on specimen owl wings with and without the
leading-edge comb. In common with much earlier work by Kroeger et al. (1972), Geyer et al.
found that the presence of the comb does not seem to have a clear and consistent effect on flight
noise at low angles of attack. However, these researchers found that at high angles of attack, as
might occur in the very final stages of the swooping motion as the owl attacks its prey, the noise is
noticeably lower (by an order of 3 dB) when the comb is present. Moreover, they showed that the
presence of the leading-edge comb appears to prevent the formation of a strong noise source near
the wing tip. Whether such an effect is present on a live owl remains an open question. However,
from Brooks et al.s (1989) experiments on the NACA 0012 airfoil, we know that blade tip effects
can be at least comparable to the trailing-edge noise from the rest of the blade span in cases where
there is a strong tip vortex [see figure 91 of Brooks et al. (1989), where the geometric angle of
attack is on the order of 11° and the tip vortex is therefore expected to be strong]. The noise
mechanism assumed by Brooks et al. is the same as that suggested by George et al. (1980) in that
the tip noise is generated by the turbulence contained within the tip vortex core convecting over
the sharp wing tip side and trailing edges. Bringing this all together, it is credible that the leading-
edge comb may play a role in reducing spanwise flow variations due to separation at high angles
of attack, thereby reducing the strength of the tip vortex and the associated tip noise.

5.4. Coupled Interactions Between Wing Features

Most research carried out to date on owl wing adaptations has considered that wing adaptations
act independently. However, the leading-edge comb and velvety down material can in princi-
ple change the boundary flow over the wing, most importantly its spectral content. The spectral
content of the boundary layer turbulence at the rear of the wing determines the content of the
trailing-edge noise; therefore, trailing-edge noise is inherently dependent on upstream conditions.

Any positive or negative effects from upstream flow features on trailing-edge noise must first
be able to persist until the trailing edge is reached. The recovery of flow perturbations is generally
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longer when transitioning from a flow state with excess shear stress in the boundary layer (such as
a rough-to-smooth wall surface transition), rather than the other way around for a boundary layer
adjusting from a smooth to a rough wall surface (Antonia & Luxton 1972, Smits & Wood 1985).
In contrast, leading-edge features such as combs or vortex generators on wings may introduce
coherent structures that evolve and encounter the trailing edge, and experimental measurements
are needed to discern these interactions on the noise generation and aerodynamics of wings. Rao
etal. (2017) demonstrated that for a flat plate at a 20° angle of attack, the flow from the leading-
edge serrations can reduce trailing-edge noise, albeit at a low chord-based Reynolds number (5 x
10%). However, recent coordinated analytical and experimental work by Lyu et al. (2019) at higher
Reynolds numbers of more practical aerospace interest (6.3 x 10°) has shown how the shape of
the leading edge can both affect the leading-edge noise due to a turbulent inflow and suppress
high-frequency turbulence noise from the leading edge that lies in the self-noise frequency range
typically associated with the trailing-edge noise mechanism.

6. BIOLOGICALLY INFORMED TECHNOLOGIES

Wing attributes of the owl have led to an exploration of various wing design strategies to suppress
aerodynamic noise. In many engineering applications, especially in aerospace and energy sectors,
these innovations must be able to reduce noise while maintaining an aerodynamic performance
standard or an acceptable trade-off between a diminished performance metric and noise reduc-
tion. At present, many of the wing or blade designs connected to the alleged silent wing features
of owls in the previous section continue to be the subject of intense research interest into the
basic physical mechanisms responsible for noise suppression and their robustness to variations in
operating conditions. In the end, all candidate noise reduction technologies must be able to buy
themselves onto the engineering system of interest (such as an airplane or wind turbine) by creat-
ing an economic incentive to cover and exceed the cost of design, manufacturing, and maintenance
of new technologies.

6.1. Leading-Edge Serrations

Hersh et al. (1974) first explored the use of leading-edge serrations for noise suppression with
acknowledgment of the owl wing adaptation. These serrations were extensions placed at different
positions near the leading edge of a NACA 0012 airfoil, which were mounted flush or at a fixed
angle with the airfoil surface. The flush-mounted serrations (i.e., a leading-edge trip) yielded the
greatest noise reductions in their study for both fixed and rotating blades, where their most useful
effect was the elimination of tonal noise due to wake vortex shedding. Broadband noise reductions
of approximately 3—5 dB were also noted at high angles of attack corresponding to airfoil stall.
Aeroacoustic measurements of leading-edge serrations have been performed on (flat) saw-
tooth, wavy, slitted, and multiple-wavelength edge designs, as well as three-dimensional and
hybrid sawtooth-slitted edge designs. The broad design space and range of Reynolds numbers
have generally precluded the identification of best practices for predictive leading-edge noise
suppression. However, Lyu et al. (2016) and Lyu & Azarpeyvand (2017) identified destructive
acoustic interference between serrations as a key mechanism for serrated-edge noise reduction.
Turner & Kim (2017) carried out inviscid computational simulations of a vortex interaction with
a flat, wavy edge to discover the importance of the local horseshoe vortex system generated by
the serration and its effect on the acoustic source strength at the serration root location. The
consistency of wall pressure spectra on the serrated edge but different noise results in the acoustic
far field led them to support the hypothesis that the propagation of the scattered acoustic waves
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Aerodynamic noise suppression from leading-edge serrations and its dependence on geometry. (#) Serration geometries without
stationary points are necessary to maximize leading-edge noise reduction. The sharpness of the serration with height 4 and wavelength
A is parameterized by b. (Inset) The pointed leading-edge comb of a long-eared owl. (b)) Experimental measurements of sound pressure
level (SPL) in the acoustic far field for a flat plate at zero angle of attack as a function of nondimensional frequency, with acoustic wave
number k and height A. “Self-noise” refers to a serrated case () = 1.57) without upstream grid turbulence, and “baseline” refers to a
straight leading edge case (b = 0) with grid turbulence. Grid turbulence intensity is 2.5%, with an integral length scale of approximately
6 mm. These serration geometries produce up to 8-dB noise reduction and the removal of leading-edge noise in the self-noise-
dominant regime. Figure adapted with permission from Lyu et al. (2019).

is an important mechanism for serrated edges. Chaitanya et al. (2017) determined experimentally
that the optimum (sinusoidal) edge wavelength is approximately four times the integral length
scale of the incoming turbulence. At this wavelength, the acoustic sources located in the serration
trough transition from coherent excitation to just becoming incoherent, which holds for both
the flat plate and real airfoil geometries tested. The pursuit of optimal serration designs led
Lyu et al. (2019) to determine analytically that thin, pointed serrations yield the greatest noise
reduction, which is supported by companion measurements and is shown in Figure 5b. It is
tempting to compare these optimized shapes to the leading-edge comb of the owl (see Figure 54).
These recent high-quality research articles integrating mathematical analysis, aeroacoustic mea-
surements, and computational simulations lead one to believe that yet more critical physical
insight into serrated edges is still to come from such coordinated efforts.

6.2. Porosity of Aerodynamic Planforms and Edges

Trailing-edge noise represents the minimum noise level possible for airframes and moving
blades. Therefore, modifications to the trailing edge have attracted considerable interest as a
means to suppress turbulence noise arising from edge scattering. As described previously in
Section 4.1, edge noise is caused by the sharp acoustic impedance discontinuity experienced by
turbulent eddies as they move from being over the airfoil surface (no penetration) into the wake
(pressure release). The effect of this discontinuity may be softened by a porous edge or extension,
whereby the transition in the wall boundary condition is gradual. Hayden (1976) identified several
additional classes of edge design to achieve effective porosity gradients over a finite region near
the trailing edge: a uniformly porous edge with varying thickness, a porous airfoil surface with
single or multiple internal cavities, and a solid, slitted (serrated) edge. Experimental application
of his variable-impedance edge design to a depressed trailing-edge flap with upper-surface
blowing demonstrated a 6-dB reduction at its low-frequency peak and an approximately 3- to
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6-dB reduction at higher frequencies relative to the untreated flap. Herr & Reichenberger (2011)
found similar levels of broadband noise reduction (3—4 dB) for airfoils with hollow trailing edges
covered by a porous mesh or surface, and this acoustic benefit diminished with increasing angle of
attack. Furthermore, certain configurations and porous materials were found to generate excess
noise at high frequencies. Optimization of the porosity distribution for maximum noise reduction
was not carried out in these works, but such optimal distributions have been pursued numerically
by Zhou et al. (2018) using discrete adjoint methods and large-eddy fluid dynamics simulations.

More recent experimental acoustic studies examined the effects of partial airfoil porosity at
the trailing-edge section only (Geyer & Sarradj 2014) and of airfoils constructed entirely from
a uniformly porous textile (Geyer et al. 2010); aerodynamic noise and force measurements were
conducted in both studies. These investigations demonstrated that small regions of porosity near
the trailing edge are effective at suppressing aerodynamic noise generation in the sensitive range
of human audition. This phenomenon can be understood on dimensional grounds: The maxi-
mum wavelength of the turbulence noise to be suppressed should be on the order of the porous
extension, as anticipated by edge scattering theory (Ffowcs Williams & Hall 1970, Crighton &
Leppington 1970).

The observation that the owl wing permits through-flow under certain flight conditions
(Kroeger et al. 1972) invites the consideration of porosity for both acoustical and aerodynamic
effects, as was noted by Hayden etal. (1972) and Hayden (1976). This acoustic-aerodynamic trade-
off has motivated recent analytical investigations by losilevskii (2011, 2013) to predict the fluid
forces on airfoils in steady flow that have finite trailing-edge regions of uniform porosity. Hajian
& Jaworski (2017) generalized this result and determined in closed form the aerodynamic loads
on an airfoil with any Holder-continuous porosity distribution, which may be further extended
for unsteady motions (Hajian & Jaworski 2019). Numerical aeroacoustic solvers, such as those
developed by Cavalieri et al. (2016) and Pimenta et al. (2018), now permit the acoustic effects
of porous wing planforms and other effects such as wing elasticity. However, a detailed under-
standing of the acoustic effects of variations in porosity and elasticity along the airfoil chord and
particularly near the edges is lacking and requires investigation. Moreover, the addition of finite
elastic regions or edge extensions to a wing or airfoil in a flow introduces the possibility of flutter
instability (Kornecki et al. 1976, Dowell et al. 2004), which would likely eliminate any potential
performance gains and would need to be considered in practice.

6.3. Elastic Trailing-Edge Brushes

To emulate the owl fringe structure, Herr & Dobrzynski (2005) installed elastic brushes to the
trailing edge of a flat plate model to weaken the turbulence noise scattering mechanism there.
Beamforming acoustic measurements showed that the elastic brushes are most effective at miti-
gating bluntness noise (caused by vortex shedding at the trailing edge) for chord-based Reynolds
numbers of industrial interest (10¢ to 107). They made an argument similar to Hayden (1976) for
porous edges that the brush extensions affect the local flow field of the turbulent trailing-edge
source region. Since beamforming does not allow one to interrogate the turbulent source region,
this hypothesis could not be tested.

Herr (2007) later demonstrated that trailing-edge brushes are also effective when applied to
realistic airfoil geometries with finite thickness. In her study, the brushes with the smallest span-
wise spacing (<0.1 mm) yielded the best noise reduction, further supporting the hypothesis that
the brushes are most useful when behaving like an effective porosity with local hydrodynamic
energy absorption. The greatest relative sound pressure level reduction occurred at the lowest
frequency measured (1.25 kHz), where a stiff brush reduced the noise level by approximately 3 dB
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and a flexible brush by an additional 3 dB; these noise-reduction results are consistent with those
found by Finez et al. (2010), whose flexible trailing-edge brushes furnished an approximately 3-dB
noise reduction below 2 kHz. Noise reduction decreases uniformly with increasing frequency until
16 kHz, at which point the brush trailing edge yields the same noise level as a rigid, impermeable
edge. This gradual transition as a function of frequency is consistent with the model predictions
by Jaworski & Peake (2013), whereby the noise from a porous edge degenerates to that of an im-
permeable edge at sufficiently high frequencies, as determined by the details of the edge porosity.

6.4. Surface Design for Turbulence Noise Control

Measurements by Clark et al. (2016) for flow noise past porous veils over rough walls indicated
the design strategy of aligning the physical members of the canopy with the flow direction. In
this manner, the transverse lift of turbulence would be accomplished while minimizing rough-
ness noise generated by any fibers misaligned with the flow. This strategy led Clark et al. 2015,
2017) to develop streamwise-oriented fin and rail surface structures, termed finlets. In contrast to
another device with a similar name, riblets (Walsh 1983, Choi et al. 1993), which act very near
the wall to effect drag reduction (typical height and spacing of 10-15 wall units), finlets are com-
paratively much larger (10-100% of the boundary layer thickness) and therefore manipulate the
whole boundary layer. When attached to a stationary DU96-W180 wind turbine airfoil section,
the placement of (rigid) finlets directly upstream of the trailing edge modifies and pretreats the
boundary layer before it is scattered by the trailing edge (see Figure 6). A broadband reduction
in aerodynamic noise of up to 10 dB is achieved over a broad range of angles of attack, where
the noise reduction is maximum at the zero-lift condition and smoothly diminishes to approach
the untreated noise level near aerodynamic stall (see Figure 64). Parametric studies of the fin-
let height demonstrated the importance of the cutting of the boundary layer to decorrelate the
spanwise turbulence, which is a known driver of trailing-edge noise (Amiet 1976). The decorre-
lation mechanism hypothesis was also supported by varying the finlet spanwise spacing (pitch),
where smaller pitch reduces the maximum correlation length scale that can persist to the trailing
edge to be scattered. However, a lower limit on the pitch exists, where the finlets act like a blunt
trailing edge and produce low-frequency noise due to vortex shedding. Force measurements on
the treated and untreated airfoil show that the lift characteristic is not negatively affected, and the
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Figure 6

Finlet surface treatments and their effects on the local flow and trailing-edge noise. (#) Finlets installed upstream of the trailing edge
demonstrate up to 10 dB of broadband noise reduction over an untreated DU96-W180 airfoil section. (b) Finlets elevate the maximum
turbulent kinetic energy (TKE) in the boundary layer away from the trailing edge. Note that the entry region of the finlets has a
persistent effect on the flow near the trailing edge and can become a dominant noise source. Panels adapted with permission from

(@) Clark et al. (2017) and (b) Bodling & Sharma (2019b).
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modest increase in drag is commensurate with the amount one would expect from the increase in
wetted surface area due to the installation of finlets.

Later work by Clark (2017) and Millican et al. (2017) proposed that, in addition to the boundary
layer decorrelation mechanism, the finlets lift up the boundary layer turbulence to diminish the
scattering efficiency of high-frequency turbulent eddies at the trailing edge. Bodling & Sharma
(2019a) confirmed with high-order computational simulations the importance of this shear shel-
tering effect, where the regions of high turbulent kinetic energy are localized to the tops of the
finlets and away from the airfoil trailing edge. These and complementary simulations by Bodling &
Sharma (2019b) shown in Figure 65 demonstrate the importance of the finlet entry region, which
can emerge as its own noise source and effectively nullify any trailing-edge noise reduction benefit.

It should be noted that surface architecture designs to date have been largely exploratory, and
no rapid means to optimize their design under desired hydrodynamic (drag) or acoustic perfor-
mance constraints has yet been applied. Crucially, the surface has a strong effect on the local flow,
and such a scheme must be able to connect details of the turbulent flow to the structure of the
surface. Recent developments in low-order modeling such as the resolvent analysis (Sharma &
McKeon 2013, Chavarin & Luhar 2019) may prove useful in the search for optimal surface de-
signs for a particular scenario, provided that the required input, the turbulent mean flow profile,
can be determined.

7. CONCLUDING REMARKS

Silent owl flight has inspired a great deal of research seeking to reveal the secret of acoustic stealth.
Technical approaches toward this goal have largely followed along one of two paths. First, from
a comparative biology point of view, the foraging behavior and morphology of owls have been
examined among owl species and non-owl species to determine the cause of silent flight. Second,
from a physics-oriented point of view, the owl wing specializations are tacitly assumed to be the
source of their silent flight, and the physical differences between owl wing features and standard
airfoils are investigated to identify how they modify the known mechanisms of aerodynamic noise
generation. These approaches are convergent but have not yet definitively determined how owls
fly silently.

To close this gap in knowledge on the roles of owl wing specializations and other factors that
may contribute to their aerodynamic noise suppression, researchers need owl flight noise data from
moderate- and smaller-sized owls that also possess the specialized owl-wing attributes. A deeper
connection of these attributes to the evolutionary pressures on different owl species requires a
phylogenetic correlation of owl wing specializations with complete physical and noise measure-
ments, where data and tools from the aeroacoustics and biology communities are necessary to
make progress.

New mechanisms for aerodynamic noise mitigation based on owls stand to favorably impact
the energy, aerospace, and transportation industries, where the biological constraints of the owl
can be removed and the mechanical design can be optimized for noise suppression based on the
flow physics. However, the principal obstacle to the design of owl-inspired technologies remains
the lack of understanding of the essential physics of silent owl flight, even at the bird scale. In-
deed, the design and testing of an artificial owl wing with modular wing features and a favorable
comparison with actual bird wings would be a leap forward in demonstrating the essential physics
and in leveraging that understanding to other applications in low-speed flows at different scales.
"This pursuit of new strategies for broadband noise suppression is likely to accompany and encour-
age advances in analytical modeling of noise generation, acoustical measurement techniques, and
computational aeroacoustics.
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. Many owls suppress noise within the audible range of their prey and of themselves, es-

pecially the noise generated at the wing trailing edge. Acoustic measurements of live
owls show accelerated reductions in aerodynamic noise above 1.6 kHz, extending into
the ultrasonic range.

. The considerable variation in hunting behavior and wing structure across owl species

suggests that particular physical noise generation mechanisms and sound sources are
being suppressed. Attributes such the downy wing surface also appear on some non-owl
species, and additional effort is required to determine the role of these wing specializa-
tions on aerodynamic noise generation and, possibly, if noise mitigation is present on
these non-owl species.

. The trailing-edge fringe and the downy wing surface have inspired a noise-reduction de-

vice that appears, at least so far in wind tunnel tests, to significantly reduce trailing-edge
noise on a realistic wind turbine airfoil section. However, a detailed physical understand-
ing of this process is still lacking.

. There is good evidence that the leading-edge comb plays a role in noise reduction at

high angles of attack, apparently by controlling otherwise noisy flow at the wing tip.

. Due to the numerous features believed to be the cause of silent owl flight, it is reasonable

to expect that only a reduction to practice of noise-reduction strategies via, say, an owl-
sized air vehicle that replicates the owl noise spectrum would prove that the features for
silent owl flight had been identified. However, the physical basis for this reduction is
desired, which can be used in applications beyond the parameter space spanned by owl
flight.

. Although the owl wing attributes reviewed here are likely responsible for the suppres-

sion of aerodynamic noise, these features alone may not be responsible for all of the noise
reduction observed in owl flyover experiments. In this case, recent advances in the kine-
matic measurements of live birds may be pursued for clues about how owls manipulate
body and wing motions to mask their aerodynamic noise.

. Acoustical data for owl flight are limited to barn owls, but noise measurements of smaller

owl species with different foraging behaviors are desired to examine the roles of attribute
size on noise suppression. Furthermore, these data are needed to determine if smaller
owl species are also able to achieve silent flight.

. Is there an evolutionary basis for the wing attributes allegedly responsible for silent owl

flight? To address this question, a phylogenetic comparative analysis is needed, which
would require physical measurements of many owl and other bird species as well as com-
plementary acoustic measurements to be able to draw firm conclusions from the biology
side. This line of inquiry is an opportunity for cross-disciplinary investigations between
fluid mechanists and biologists.
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5. Geometrical modifications of wing edges and surfaces lead to changes in the local flow
that can affect the noise generated. An improved physical understanding is sought of flow
effects local to edge and surface geometries and their role in noise generation and propa-
gation into the far field. Researchers will need to examine the robustness of such physics
in applications and to construct models to inform the application of noise-reduction
technology to devices at different speeds and scales than those of the owl.

6. Owl-inspired noise-reduction strategies may come at the cost of diminished aero-
dynamic performance, where the means to rapidly assess the intrinsic aerodynamic—
aeroacoustic trade-off is likely to be an important consideration in industrial conceptual
designs.
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